RNA interference pathways use small RNAs to mediate gene silencing in eukaryotes. In addition to small interfering RNAs (siRNAs) and microRNAs, several types of endogenously produced small RNAs have important roles in gene regulation, germ cell maintenance and transposon silencing [1] [2] [3] [4] . The production of some of these RNAs requires the synthesis of aberrant RNAs (aRNAs) or presiRNAs, which are specifically recognized by RNA-dependent RNA polymerases to make double-stranded RNA. The mechanism for aRNA synthesis and recognition is largely unknown. Here we show that DNA damage induces the expression of the Argonaute protein QDE-2 and a new class of small RNAs in the filamentous fungus Neurospora crassa. This class of small RNAs, known as qiRNAs because of their interaction with QDE-2, are about 20-21 nucleotides long (several nucleotides shorter than Neurospora siRNAs), with a strong preference for uridine at the 59 end, and originate mostly from the ribosomal DNA locus. The production of qiRNAs requires the RNA-dependent RNA polymerase QDE-1, the Werner and Bloom RecQ DNA helicase homologue QDE-3 and dicers. qiRNA biogenesis also requires DNA-damage-induced aRNAs as precursors, a process that is dependent on both QDE-1 and QDE-3. Notably, our results suggest that QDE-1 is the DNAdependent RNA polymerase that produces aRNAs. Furthermore, the Neurospora RNA interference mutants show increased sensitivity to DNA damage, suggesting a role for qiRNAs in the DNAdamage response by inhibiting protein translation.
. During our study of QDE-2 regulation, we observed that supplementing histidine in the medium resulted in a significant increase of qde-2 messenger RNA and QDE-2 protein levels, whereas the addition of other amino acids did not ( Fig. 1a and Supplementary Fig. 1a ). Histidine is known to inhibit DNA replication, reduce the nucleoside 59-triphosphate pool, and result in DNA damage in Neurospora 13, 14 . In addition, histidine significantly increased the mutation rate at the mtr locus ( Supplementary Fig. 1b ). These results suggest that DNA damage results in the induction of qde-2 expression. Treatment with ethyl methanesulphonate (EMS, Fig. 1b) , hydroxyurea (Supplementary Fig. 1c ), or methyl methanesulphonate (data not shown) also induced QDE-2 expression. Notably, the induction of QDE-2 by histidine and other DNA-damaging agents requires QDE-1, QDE-3 and the DCLs (Fig. 1b and Supplementary Fig. 1c, d ). Furthermore, in the absence of DNA damaging agents, QDE-2 accumulates to increased levels in DNA repair mutants that are deficient in dsDNA break repair or homologous recombination repair pathways (Fig. 1c) . Taken together, these results demonstrate that DNA damage activates qde-2 expression.
Because QDE-1 and QDE-3 are involved in the generation of dsRNA, and DCLs are important for maintaining the steady state levels of QDE-2 post-transcriptionally 12 , our results indicate that DNA damage results in the production of endogenous dsRNA, which activates qde-2 transcription. We reasoned that such dsRNA is processed into small RNAs, which then associate with QDE-2. To examine this possibility, we immunoprecipitated c-Myc-tagged QDE-2 expressed in a qde-2 null strain 11 . The QDE-2-associated RNA was extracted and 39-end labelled with 32 P-cytidine bisphosphate. As shown in Fig. 2a approximately 20-21 nucleotides in length, which were markedly induced after histidine or EMS treatment (data not shown). Because these small RNAs are endogenously produced and are associated with QDE-2, they were named qiRNAs for QDE-2-interacting small RNAs. The average length of qiRNAs is several nucleotides shorter than Neurospora siRNAs ( Fig. 2a and Supplementary Fig. 2a ), which are around 25 nucleotides 8 . qiRNAs were cloned and sequenced. Analyses of 184 individual qiRNA sequences showed that they indeed possess an average length of about 20-21 nucleotides ( Supplementary Fig. 2b and Supplementary Table 1 ). Similar to the Piwi-interacting RNAs (piRNAs) recently identified in animals 15 , the first nucleotide of the 59 end of qiRNAs exhibits a strong preference for uracil (93%) (Supplementary Fig. 2c) . Also, the first nucleotide of the 39 end prefers adenine (49%).
Surprisingly, most qiRNAs (86%) originated from the ribosomal DNA (rDNA) locus ( Supplementary Fig. 2d ), where ,200 copies of rDNA repeats form the nucleolus organizer region. Their association with QDE-2 and their 59 and 39 end nucleotide preferences suggest that qiRNAs are not nonspecific ribosomal RNA degradation products. The remaining qiRNAs were mapped to intergenic regions (6.57%), open reading frames (4.37%) and transfer RNAs (1.45%).
qiRNAs from the rDNA locus correspond to both sense and antisense strands at approximately equal frequency, suggesting that the biogenesis of qiRNAs requires the formation of dsRNA (Fig. 2b) . Furthermore, qiRNAs not only originate from the region corresponding to the mature rRNAs, but many derive from the external and internal transcribed spacer regions (ETS, ITS1 and ITS2) and the intergenic spacer regions. These results indicate that the biogenesis of qiRNAs may require unconventional transcriptional events.
Northern blot analysis showed that the levels of 26S rDNA-specific qiRNA were undetectable under normal conditions but were markedly induced after EMS treatment (Fig. 2c) . qiRNA also accumulated to a high level in an atm mutant without EMS treatment. Furthermore, qiRNAs production was completely abolished in the qde-1 and qde-3 mutant strains (Fig. 2c) , indicating that QDE-1 and QDE-3 are required for qiRNA biogenesis. In contrast, the production of qiRNA was maintained in the qde-2 mutant. Although the sizes of qiRNAs are smaller than those of siRNAs, the production of qiRNA is abolished in a dcl-1 dcl-2 double mutant. Moreover, long RNA species accumulated in the dcl double mutant after DNA damage, suggesting the accumulation of long dsRNA.
To investigate the relationship between qiRNAs and aRNAs, we examined the transcript levels from the intergenic rDNA spacer regions. Quantitative PCR with reverse transcription (qRT-PCR) and northern blot analyses showed that the RNA transcripts originating from both upstream and downstream regions of the transcribed rDNA region are indeed highly induced after DNA damage ( Fig. 2d and Supplementary Fig. 3 ). In the dcl double mutant, aRNAs accumulated to a high level, with sizes ranging from a few hundred nucleotides to ,2 kilobases (kb) (Supplementary Fig. 3 ), suggesting that these transcripts form dsRNA. Notably, we found that aRNA production was completely abolished in the qde-3 mutant (Fig. 2e) , indicating that aRNAs are the precursors of qiRNAs and that QDE-3, the RecQ DNA helicase, is required for aRNA biogenesis.
RNA polymerase I is responsible for the transcription of rRNAs. However, we found that the DNA-damage-induced aRNA production was maintained in an RNA polymerase I mutant ( Supplementary  Fig. 4a-c) . Furthermore, both qRT-PCR and northern blot analyses showed that the treatment of Neurospora with thiolutin, a potent inhibitor of RNA polymerases I, II and III, did not affect aRNA production despite its strong inhibition of mRNA synthesis ( Fig. 3a and Supplementary Fig. 5a ). These results suggest that the common RNA polymerases are not required for the generation of aRNAs after DNA damage.
QDE-1, the RNA-dependent RNA polymerase (RdRP), was previously thought to specifically recognize and convert aRNA into dsRNA. To our surprise, we found that the induction of rDNA-specific aRNAs by histidine was completely abolished in the qde-1 ko mutant ( Fig. 3b  and Supplementary Fig. 5b ), indicating that QDE-1 is not only required for the production of dsRNA but also for the synthesis of aRNAs. Moreover, we found that QDE-1 does not amplify small RNAs in dsRNA-mediated gene silencing ( Supplementary Fig. 5c, d) , suggesting that qiRNAs are not amplification products of primary small RNAs. Recent structural analysis of QDE-1 has shown that its catalytic core is similar to eukaryotic DNA-dependent RNA polymerases (DdRPs) but not to viral RdRPs 16 . This result prompted us to examine whether QDE-1 can function as a DdRP to generate aRNAs. A c-Myc-Histagged QDE-1 was expressed in the qde-1 ko strain and purified by affinity purification to be used in RdRP and DdRP assays. As shown in Fig. 3c , QDE-1 exhibited RNA polymerase activity using both single-stranded RNA (ssRNA) and ssDNA as templates to generate full-length RNA products. In contrast, RNA polymerase activity was not detected using the control purification products. In addition, RNase H degraded the 32 P-labelled ssDNA-templated products of QDE-1 (Fig. 3d) , indicating that they were mostly DNA/RNA hybrids. We also found that the RNA polymerase activity of QDE-1 is not inhibited by thiolutin in vitro (H.-C.L., A.P.A., D.H.B. and Y.L., unpublished observations). Together, these results demonstrate that QDE-1 can function as both an RdRP and a DdRP. The requirement of QDE-1 for aRNA synthesis suggests that QDE-1 is the RNA polymerase that generates aRNA.
To determine whether the rDNA-specific qiRNAs are functional, we immunoprecipitated Myc-QDE-2 using strains that express either wild-type QDE-2 or QDE-2 containing a D664A mutation that abolishes its catalytic activity 11 . As shown in Fig. 4a , qiRNAs were associated with both forms of QDE-2. However, the qiRNAs associated with wild-type QDE-2 were entirely single-stranded, whereas only double-stranded qiRNAs bound to QDE-2(D664A). This result indicates that qiRNAs are associated with an active RISC complex.
Because most qiRNAs are derived from the rDNA locus, they may inhibit rRNA biogenesis and protein synthesis after DNA damage. As shown in Fig. 4b , respectively). Similar results were also obtained using EMS (Supplementary Fig. 6a ). These results suggest that qiRNAs are involved in inhibiting protein synthesis after DNA damage.
Consistent with a role for qiRNAs in the DNA-damage response, a qde-3 mutant was previously shown to be sensitive to both histidine and DNA damaging agents 6 . Furthermore, we found that both qde-1 and the dcl double mutants had increased sensitivity to histidine, EMS and hydroxyurea treatments, although they were not as sensitive as the atm mutant (Fig. 4c and Supplementary Fig. 6b ). Taken together, showing the levels of aRNA in the wild-type (WT) and qde-1 ko strains. Total RNA was used. c, In vitro RNA polymerase assay using a 175-nucleotide ssDNA or ssRNA template and purified Myc-QDE-1. CTL indicates a reaction using purification products from a strain without the construct. EtBr, ethidium bromide. d, The ssDNA-templated reaction products from c were treated with RNase H.
these results indicate a role for the Neurospora RNAi pathway in the DNA-damage response.
After DNA damage, eukaryotic cells activate DNA repair pathways to restore DNA integrity. There are various DNA damage checkpoints initiated to arrest cell-cycle progression, allowing time for DNA repair 17 . On the basis of our results, we propose that the production of qiRNAs is another mechanism that contributes to DNA damage checkpoints by inhibiting protein synthesis. Results obtained from higher eukaryotic organisms also indicate the importance of rDNAderived small RNAs. In mouse embryonic stem cells, rRNA-specific small RNAs associated with a small RNA binding protein 18 . In Arabidopsis, RNAi components are found in the nucleolus and rDNA-specific small RNAs contribute to heterochromatin formation 19 . The Drosophila dicer-2 mutant exhibited disorganized nucleoli and rDNA, suggesting a role for the RNAi pathway in maintaining genome stability in the rDNA region 20 . Like qiRNA, some of the small RNAs from higher eukaryotes are also enriched in repetitive regions of the genome 1 . Our study raises the possibility that spontaneous DNA damage produced during recombination or transposon transposition could be a trigger to induce the production of small RNAs. Interestingly, piRNAs from rat testes associated with rRecQ1 (ref. 21 ), a QDE-3 homologue. Therefore, RecQ helicases may also be involved in generating primary aRNAs in other RNAi-related pathways.
In fission yeast, Pol II is implicated as an RNA polymerase that generates centromeric pre-siRNA 22, 23 . In plants, RNA polymerase IV is important for RNAi-directed transcriptional silencing 24, 25 , but its homologues are not found in fungal or animal genomes. In this study, we uncovered an unexpected role for QDE-1 as a DdRP in aRNA production in Neurospora. Interestingly, QDE-1 is known to interact with RPA 26 , an ssDNA binding complex, raising the possibility that RPA may recruit QDE-1 to ssDNA in vivo to produce aRNAs. RDR6, an RdRP in the Arabidopsis RNAi pathway, was recently shown to have robust DdRP activity 27 , suggesting that DdRP activity may be a shared biochemical activity for eukaryotic RdRPs. Notably, the aRNA production model proposed here provides an explanation for how aRNAs but not other cellular RNAs are specifically recognized by RdRPs: because the aRNA is produced by QDE-1, its close proximity makes it a preferred template for QDE-1 to make dsRNA.
METHODS SUMMARY
The Neurospora strains used in this study were generated previously 11, 12 or obtained from the Fungal Genetic Stock Center. For detailed strain information and molecular and biochemical protocols, please refer to the Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
